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We describe the experiment and technology leading to a target plasma for the magnetized target
fusion research effort, an approach to fusion wherein a plasma with embedded magnetic fields is
formed and subsequently adiabatically compressed to fusion conditions. The target plasmas under
consideration, field-reversed configuratigfRC9, have the required closed-field-line topology and

are translatable and compressible. Our goal is to form high-density ¢@0 %) FRCs on the
field-reversed experiment-lin€gFRX-L) device, inside a 36 cm long, 6.2 cm radius theta coil, with

5 T peak magnetic field and an azimuthal electric field as high as 1 kV/cm. FRCs have been formed
with an equilibrium densityi,~ (1 to 2)x 10'® cm™3, T+ T,~250 eV, and excluded flux2 to 3

mWb. © 2003 American Institute of Physic§DOI: 10.1063/1.1606534

I. INTRODUCTION high uniformity, not only in engineering of the pellet but also

Field-reversed experiment-lingiFRX-L) is a plasma in the delivery of the heating to the pellet due to the high

. : . lume compression ratios requiréd.
formation experiment at Los Alamos National Laboratory,vO .
operated in collaboration with researchers from Air Force MTF combines advantages of ICF and MFEA target

thraa 107109 A3 ;
Research LaboratofAFRL). The principal goal of this ex- Ela;s_ma wﬁhn:éol dlr?l cm |st_corfr_1%essed6 a:jsdmd lCFt ¢
periment is to form and translate a field-reversed configura—u IS preneated and has magnetic fields embedded in 1t o
tion (FRC) with T~300 eV, n~10 cm 2, and lifetime insulate the plasma from the wall. Compared to ICF, this

=10 us into a metallic linexflux-conserving shell This is a relaxes the requirements on compression uniformity and ve-

precursor to demonstrating an approach to fusion calIeéoecc'gr;]gsrl%r;zi'orz;(i&ttak; mi'\ferﬁssc?ﬂgior?r;hj;than nano-
magnetized target fusiaiMTF).! The FRC has been selected ' yisg y

as a promising candidate target plasma because of the large

existing empirical databa$end its proven ability to with- R=npn{opv)=3in*opmv), D
stand translation and distortidn.

MTF is an alternative approach to fusion that lies be-here n and n; are densities of deuterium and tritium,
tween the two more conventional approaches, magnetic f-,. .,y is the average cross section for a DT reaction, and
sion energy(MFE) and inertial confinement fusiofiCF),  \ve are assumifgn,=n;=n/2. As stated before, higher
with respegt _to plasma lifetime and_d_e_nsny. M_F_E t'me'scale%ensity improves the reaction rate by many orders of magni-
are Iogg(mlulsecosnds to houpsand initial densities are low  ,qe over conventional MFE. Most characteristic plasma
(~10-10" cm™?). Magnetic fields are used to improve ¢qje lengths also decrease with increasing plasma density,
plasma confinement beyond that expected for the free—fhg%ereby decreasing system size with respect to MFE.
loss time. Some examples of this method are the tokamak, the MTE process—at least as it relates to FRX-L—can
spheromak, stellarator, reversed-field pinch, etc. ICF lies abe geparated into three distinct steps: formation of target
the. other extreme of the _sgpectrum. In IC.F, fusion 0CCUI§y|asma, translation of target plasma into target chanbyer
d“”%% S%%t tl_n;es £10 " s) but at high density jingrical liner, or “can”), and compression of the chamber
(~107-10"cm™7), resulting in short pulses of high 55 with the plasma to fusion conditions, coupling the
power. A pellet of fusion fuel is heated on its outer Surface’compressional energy into the plasisae Fig. L. The MTF
and the expelled gases and radiation cause the outer shell {8,ceny itself is more general and encompasses other target
compress the inner fuel. The ICF approach does not requir§iasma and driver combinations, but the basic requirements
magnetic confinement and benefits from higher fusion reacg,; the target plasma are the same: a starting temperature of
tivity at higher densities. However, ICF requires extremelyt 1 <50-300eV. a density of #6cm™3, and a closed

e I 1 y
field line topology with a magnetic field a5 T. The com-
¥Electronic mail: taccetti@lanl.gov pression in our case is achieved by driving a large axial
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Step 1: Step 2: Step 3 stability during formation and compression, energy confine-
Formation Translation Compression ment adequate for fast liner compressional heating, liner-
plasma interactions, and plasma impurity content and the

. general consequences of high-energy-density plasma-wall in-
‘&7———'“ teractions.
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II. FRX-L EXPERIMENTAL DESCRIPTION

Density ~1017 - 1018 cm-3 Adiabatic compression to In this section, we introduce the principal elements of
7~50-300 eV fusion conditions the FRX-L experiment, including a description of the physi-
BT (elasat-iicldiling topelagy) (Viyal=Cm/ps) cal components, the electrical circuit and its operation, the
FIG. 1. The three steps of FRC-based MTF. vacuum system and related components, and control and data

acquisition systems. An overview of the existing diagnostics
follows, although specific diagnostic results are left for
current along the liner. The liner implodes,ginches main-  Sec. Il
taining its shape, at least until the required radial compres- The experimental design was guided principally by ex-
sion factor is reacheden times for our cage® **This adia-  isting major hardware componer(iuch as the main capaci-
batic compression occurs at speeds on the order ofi€m/ tor bank facility coupled with future plans for integrated
which are easily achievable with existing pulsed-power fadiner-on-plasma compression experiments. We begin by re-
cilities, such as the Shiva-Star facility at AFRlor the Atlas  quiring fusion relevant conditions in the final plasma and
facility under construction in Nevadéormerly at LANL)."  work backwards from that point. We assume a possibbe 10
We chose to use the FRC as our target plasma becausecibmpression of the aluminum liner, and use the energy of an
has the required closed-field-line topology and has beeexisting liner compression capacitor baii®hiva-Star at
shown to be translatable and compressible. The large existingFRL®) and fix the liner mass to pick a liner velocity that
empirical database gives us predictive capability and indiwe can achieve. This in turn sets the liner size, which sets the
cates that the type of FRC required for MTF is achievdble. plasma size and starting plasma density and pressure needed.
FRX-L is used to form these FRCs and will translate themA zero-D model for the cylindrical liner compression of the
into a mock liner. We are currently studying the FRC forma-FRC?%2% and FRC semiempirical formation modéfsyere
tion process in the high-density regime. then used to determine required fields, which in turn drove
An FRC is a toroidal plasma configuration with toroidal the design of the coils and the electrical circuit. Table | sum-
current and poloidal magnetic field, and ideally no toroidalmarizes the design parameters for the experiment and com-
field. It is composed of a closed field line region on thepares them to our actual parametésse the following sec-
inside and an open field line region on the outside. If formedions for more details on how the latter were obtaindde
inside a theta coif[commonly known as the field-reversed lift-off field (not defined elsewherés the value of the exter-
theta pinch FRTP) method, the symmetry axis of the result- nal axial magnetic field at the moment the plasma initially
ing FRC coincides with the axis of the theta coil, as can beletaches from the quartz tube surface due to the reversal field
seen in Fig. 1. The volume-averaged plasma lfedtio of  pressure.
internal particle and field pressure to external field pres)sureA Physical | q
is approximately unity, the highest energy density plasma™ ysical layout and components
that can be confined for a given closed magnetic field struc- The FRX-L experiment is distributed among three rooms
ture. The open field line region serves as a natural divertoicomposing the experimental facility: the experimental bay,
allowing any particles which are able to escape the confinethe screen room, and a workspace/test-area. The experimen-
plasma region to do it along the axis rather than deposit theiral bay contains all of the pulsed power components and the
energy on the walls. experimental vessel. Its high walls and interlocked doors
Although we use the FRTP method for FRC formation, protect personnel, who must remain outside during opera-
there are various other ways to do thiShe formation se- tion. We discuss the screen room further in Sec. Il D.
guence is detailed in Sec. Il along with a description of the  Figure 2 is a top-view of the experimental bay, drawn to
FRX-L device. scale. The principal components of the experiment are indi-
For FRC-based MTF we require higher density FRCscated on the figure: the vacuum vesgalmp stand, quartz
than those formed by currently operating experiments, esseidbe, and liner regionsand the electrical componentheta
tially returning to the kind of parameters seen in the earlycoil with transmission line, preionizatiofPl) bank, main
FRC experimenté.Although lifetime is thereby shortened, bank, bias bank, and cusp/mirror bank and coils, as well as
the plasma need only last long enough to be translated arttie stainless steel flux excluder plates between these and the
compressed, or>10 ws. Similar largeE, (kV/cm) FRCs theta coi). The locations of the power supplies and triggers
have been produced in the pa%t'®but none coupled with are also shown for reference. Other equipment, such as the
presently known cusp-formation techniques nor with theengineering controls used to return the capacitor banks to a
modern suite of diagnostics at our dispo¥ai In addition,  safe state and the diagnostics, are not shown on this figure.
none were done with the intent of application to MTF, which The central part of the machine is the theta coil, inside of
presents its own set of unique requirements. These includehich sits the quartz discharge tube. The coil is a single turn
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TABLE I. FRX-L experimental parameters.

Parameter Design Achieved
FRC plasma

density 16" cm3 ~(1-8)x10% cm™3
temperaturel;, T, 50-300 eV T+ T;~=250-400 eV
radius(separatrix 2.8cm 2.8cm

length 30 cm ~30 cm

peak compression field 4T 3T

FRC configuration lifetime 2us >10 us (equilibrium phasg
Hardware

coil radius,r, 6.2 cm 6.2 cm

coil length, | 36.0 cm 36.0 cm

coil voltage 39 kv 37 kv

reversal electric field 1 kV/em 0.95 kv/cm

main field rise time 2.5us 2.5us

D, fill pressure,pg 80 mTorr 30-80 mTorr

lift-off field 07T 015T

aluminum coil, segmented to allow access for diagnosticsnodule$®>?® connected in parallel, mounted on top of each
through three 1 cm gap$ig. 3. The current is fed into the other. Each of these modules is composed of two General
theta coil via a parallel-plate transmission line made up ofElectric 500uF, 10 kV capacitors in parallel. These are con-
two 2.5-cm-thick aluminum plates. These plates lie horizonnected to a bias inductdd uH) with copper bus bars to
tally and are 36 cm wide at the theta coil side, widening toinductively isolate the bank from the Pl and main bank dis-
2.5 m at the other end to accept 64 RG17/14 coaxial inputharges. The capacitors are charged with a Spellman SA10P4
cables. The top and bottom plates are insulated from eachO kV power supply and are switched into the circuit using a
other with 24 layers of 127an-thick Mylar film. These water-cooled ignitron(National Electronics NL-488A on
many layers are necessary to minimize the possibility forrach module, triggered with North Star Research IG5-F2 ig-
imperfections in the Mylar allowing a direct tracking path nitron triggers. The original FRX-C modules were modified
from one plate to the othdin the section prior to the dis- slightly to charge negatively and yet maintain current in the
charge tube The Mylar sticks out 30 cm from the edges of same direction through the ignitrons, as is required for their
the plates to prevent surface tracking. At the input side, th@peration.
plates transition to coaxial cables over a distance of 30 cm. The PI bank is made up of two Aerovox AeroStor 1.35
This transition region is covered by an airtight box into uF 100 kV capacitors. These are attached to a pair of parallel
which SK is introduced to prevent breakdown during a shotplates which lay horizontally on top of the capacitors. The
(one machine cyle, consisting of charging capacitors, displates are insulated from each other by 24 layers of 22i7-
charging them, and reading out data channdlke bias, PI, thick Mylar. The plates were made to accommodate up to six
and main banks connect to the transmission line via the&apacitors in order to vary Pl current and ringing frequency
RG17/14 cables. during preionization. Presently we use two capacitors, result-
The bias bank consists of two FRX-C compressioning in a frequencyf =250 kHz. The PI bank power supply is
a Spellman SA70P4 70 kV supply, and the PI bank is
switched using a single Maxwell pressurized rail-gap switch
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FIG. 2. Layout of FRX-L components, including main, bias, preionization (71 P )

(PI), and cusp capacitor banks, transmisgimission line, power supplies I
(PS), triggers(trigs), stainless stedlSS shields, theta coils, cusp coils, and
liner. (Inset is a closeup of the device central cpre. FIG. 3. Detailed schematic of FRX-L theta coil.
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transmission
CFOW-) ) line
bar
a 100 kV pulse to trigger the rail-gap switch. Similarly to the Pl

theta coil transmission line, an $Box surrounds the paral- ~[__™" | 1 —T— Coias theta coll
lel plate to cable transition. Eight low-inductance RG17/14 £
cables connect the Pl bank to the theta coil header.

The main capacitor baniield-reversal bankis a two-
stage Marx bank with a maximum erected voltage of 120 kV.
A Marx bank is a capacitor bank that is split into equal parts ~ All vacuum flanges use copper gaskets except for the
(two in our casg charged in parallel to the same potential. seal with the quartz tube. This seal was specially designed to
These are then switched in series or “erected” such that theidleal with the varying tolerances of the quartz tube. Each seal
voltage multiplies by the number of stages. Since each hai comprised of a Viton O-ring that fits around the tube at
of our bank has a capacitance of ZF, it becomes 3uF  each end and specially shaped stainless rings that press on
when erected. Two separate power suppllgsiversal Vol-  the O-ring from either side, compressing it against the quartz
tronics HV DC Power Supply, BPO 62-800-LANLone tube and making a seal. The base pressure in the vacuum
positive, the other negative, are used to charge the lower arghamber before a shot is approximately 30~ Torr.
upper half of the Marx bank, respectively. The bank is  The working gas is deuterium, D We operate with a
erected by and discharges through four Maxwell pressurizegtatic gas fill, with pressures ranging from 10 to 100 mTorr.
rail-gap switchegmodel 40 302 Since the bank can provide Future plans include an upgrade to a puff fill system. The D
up to 0.25 MJ, a protection circuit was designed to prevenfill line is maintained under positive pressure. When ready
against damage from a prefire that could cause a singltor a shot, a plenum of approximately 500 tis filled to a
switch to take all the enerdy. If a prefire is detected, a pressure on the order of a few Torr, after which the fill line
signal is automatically sent to trigger the remaining threevalve is closed and the plenum is opened to the chamber.
switches thereby sharing the current among all of them. The The principal pump is a Varian TV-551 Navigator, 550
trigger system is similar to the one used for the Pl bank. I/s turbopump, backed up by a dedicated mechanical pump.

The crowbar switch is identical to the one used to dis-An independent mechanical pump is used to rough out the
charge the main bank but is situated on the output side. Thehamber prior to opening it to the turbopump. An automatic
purpose of the crowbar is to extend the lifetime of the FRCvacuum control system using National Instruments Field-
by maintaining the current in the load relatively constantpoint modules and LabVIEW Realtime software controls the
after it reaches its first peak. The design of the crowbar igarious sequences and prevents damage to the vacuum com-
described elsewhefé. ponents. All of the vacuum gauges are automatically discon-

The cusp bank is a separate circuit, though mutual inhected during a shot via air-driven switches.
ductance must be considered due to the close proximity of
the cusp coils to the theta coil. Individual coils are 16-turn
hollow copper conductor coils encased in epoxy, having &- Electrical circuit and operation
thickness of 2.5 cm and an i.d. of 14 cm. Three of these coils  The FRX-L circuit consists basically of a theta-pinch

side by side combine to form a cusp coil. Stainless steedojl (a straight coil, i.e., it has no mirror fields at the ends
shield plates with a soak-through timel00 us, or flux ex-  driven by various capacitor banks in parallel, precisely timed
cluders, are placed between these coils and the theta coil {g form, contain, and translate an FRC with the temperature,
reduce mutual inductancghe cusp field, with a quarter gensity, and lifetime appropriate for MTF. A simplified cir-
cycle time of 90Qus, penetrates these, while the Pl and maincit diagram is shown in Fig. 4. Not all parasitic inductances
bank fields to not The entire cusp bank consists of four ang capacitances are shown in this diagram. The principal
FRX-C double modules, identical to the ones used on th@omponents, as shown, are the crowbar and the main, bias,
bias bank. Four additional modules are available for wheyng p| capacitor banks.

we increase the number of coils to include a set surrounding  The formation sequence follows very closely the expla-
the liner region into which the FRC will be translated. The nation presented by Hoffmaet al,?® except that our theta

(Model 40 302 “Atlas-type™#. The initial trigger is sup-
plied by a Maxwell 40168 trigger amplifier that in turn trig- ) )
gers a Maxwell 40151B trigger generator. The latter supplies

FIG. 4. Simplified electrical circuit of the FRX-L device.

modules are powered by a Peter Dahl 10 kV supply. coil has no passive mirror. We instead use a separate set of
slow cusp coils at either end of the theta coil, which null out
B. Vacuum system the initial bias field at these locatioripull theta coil field

The vacuum chamber consists primarily of an 11 cmlines radially outwaryl but later serve as mirrors with respect
outer diameter dielectric quartz tube of 2.5 mm wall thick-to the main bank reverse field. The following are details of
ness located inside the theta coil. The tube is evacuated arlde sequence as it pertains to FRX-L. Refer to Fig. 5 for
filled with deuterium at low pressure. The pump stand, supdetails.
porting the mechanical and turbo pumps, is on a separate The bias bank, with a quarter cycle timegy,= 140 us,
frame, and the pump manifold is connected to one end of thproduces the low-level slowly varying magnetic field which
guartz tube via a bellows to reduce vibratiofEhe other end later becomes trapped to form the FRC. When the bias bank
of the quartz tube is where the liner will be located and intodischarge is initiated, a static fill of Dgas is present in the
which the FRC will be translated in the near futyre. quartz tube. Upon reaching the first minimum of the bias
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segmented theta-pinch coil wards, the fields reconnect near the ends of the theta coil,
cusp/mirror and field line tension at these locations causes the plasma to
" coils compress axially. The equilibrium FRC consists of a region
of closed field lines and a region of open field lines, with the
separatrix delineating the boundary between the two.

The cusp/mirror coils, located at either end of the theta
coil, create a null with respect to the bias field and seed the
" " " reconnection to occur repeatably in the same location. They
quartz A PRE-IONIZATION also make a mirror magnetic field with respect to the main
tube bank field, thereby holding the FRC centered underneath the

|| - theta coil after formation.

X O . s
AS=——— —— acquisition systems

M Control and data acquisition systems are operated from
O o within our screen room, an rf-shielded room containing six

| | | | racks of digitizers, control system components, and remote

B. FIELD REVERSAL (fiber-optically connected diagnostics. Three live video

screens supply views of the experimental area to the operator
and other personnel in the screen room. Other computer ter-
minals make it possible for investigators to view and analyze
data after each shot.

No hard connection exists between the experiment and
the screen room. Any diagnostic signals coming into the
screen room are not allowed to contact the experiment. Di-
agnostics that require contact with any part of the experiment
are situated inside a separate rf-shielded enclosure which is
allowed to float up in potential along with the experiment.
Communication with these digitizers is done using a Na-
tional Instruments GPIB fiber-optic extender.

The control system is comprised of air and fiber-optic
¥ < signal lines which return interlock status signals and send out

yo " " = charge and fire signals, among others. The autonsafing
sequencda sequence that returns the capacitor banks to a
D. CONTRACTION TO EQUILIBRIUM safe statgis also controlled in this manner. The system is run
FIG. 5. FRC formation sequence, from top to bottom: A: Chamber is filedON LabVIEW on a PC communicating with a National In-
with neutral gas, bias magnetic field is applied, and gas is ionized; B: Curstruments PXI crate.
rent in theta pinch coil is rapidly reversed, pIa_sma implod(_as;_C: Magr_1etic The data acquisition system is run separately from the
:':tlii rll'?sees pz;?r?:f;;i::SdiSDéhFonv%_ContraCts adally to equilibrium Conflgu'control system. The system interface was written in_Lab-
VIEW as well, but is run on a UNIX platform. Communica-
i o i , . tion between the computer and the digitizers is done via
field, the PI bank is triggered, with;,=1.0us. This bankis ~ 5pig pys. we use all available GPIB communication ports,
used to ionize the gas by ringing the magnetic field at high ¢ 15 totaling 58 data channels at present. Digitizers range
frequency. We chose this preionization method, known as thﬁom old Camac-style LeCroy TR8818A transient recorders
¢-PI method, from among the various possibilifidsie to its to VXI digitizers (HP E1427A and Tektronix TVS641A
simplicity—no additiongl hardware except for the bank i,swave-form analyzejs Scopes are used for data that might
necessary on the experiment—and cleanliness—the only imgjicate to personnel whether or not the shot should be re-

purities possible are due to the qugrtz tut_)e intergcting Witl}orded, as the data retrieval process lasts about 5 min and is
the plasmaa transient effect occurring during Pl field zero- one of the limiting factors for our shot rate. The

crossing or main bank field reversabnce the bias field hgs initialization/configuration information and data are stored

diffused into the plasma_l sufficientleet_ermined empiri- on Sybas¥® and MDS+3 databases, respectively, though we
cally), such that the field lines are frozen into the plasma, th‘?/vill be transferring the configuration parameters to MDS

main bank is triggered. This bankyf,=3 us) is connected ;5\ o) The data can be later analyzed using eitheriDE
such that its field is opposite in direction to the original bIaSDWSCOpe31

field, and is~10 times larger in magnitude than the bias
field. The plasma is pulled radially outwards due & B
forces between the large induced azimuthal current and th
frozen-in bias field. As the reversal field diffuses into the In this section we introduce the principal diagnostics uti-
surface of the plasma, the force reverses direction and thezed on FRX-L, summarized in Table Il. Specific data ob-
outside of the plasma begins contracting radially. Soon aftertained with each is discussed in Sec. Ill.

I;. Diagnostics
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TABLE II. FRX-L diagnostics.

Diagnostic Information provided
Present:

Flux loops,B, probes separatrix radius, excluded field
Multichord He—Ne red interferometésingle-pask side-on density

Optical tomography large-scale plasma behavior
Framing camera, end-on large-scale plasma behavior
Bolometer radiated power

Multichannel spectrometer impurity line intensities vs time
Undergoing initial testing:

Multipoint Thomson scattering Te, Ne

Magnetic field probesE probes and flux loops placed WhereB, and, are the magnetic field and flux probe mea-
in the radial gap between the discharge tube and the thegdrements during a vacuum shot. Taking the ratio of these
coil measure the excluded flux as a function of tith@he last two equations, we can obtain the separatrix radius as a
36 cm long FRX-L theta coil is split into four equal seg- function of time in terms of measured quantities:

ments, labeled A-D, each 8.25 cm long, lwd 1 cm gap é. B, |2
between them. As shown in Fig. 6, four magnetic probe/loop  r=r | 1— P —”) ) (5)
pairs were located at one edge of each of these segments, or b Bp

atz=-9.25,-0.5, 8.75, and 18.0 cm, with the midpoint of The magnetic probe design is limited by both the high
the theta coil taken to be=0. Magnetic field probes mea- voltage environment in which it must operate and the narrow

sure the axial magnetic field at specific points, while fluxgap inside of which it must fit=<5 mm exists between the
loops measure the flux through the theta coil at given axiallischarge tube and the theta ¢oil

locations. The excluded flux is defined as the amount of  The magnetic probe and flux loop signals are also com-
magnetic flux(determined by the field measured with a mag-pined into a differential integrator circuithe same one used
netic probe and assuming azimuthal symmeéxcluded by by the University of Washington Group on the LSX
the FRC, i.e., the flux which would be present inside theexperimert?) to provide an immediate excluded flux mea-
FRC separatrix if the FRC were not present. This last statesurement. The magnetic probe signal is subtracted from the
ment can be expressed in the form of an equation, flux loop signal after being integrated. The flux loop signal is
_ 2 attenuated such that the two cancel out during a vacuum
Pexc= Bpﬂrsa 3] . . )
shot. A nonzero signal then indicates excluded flux is
whereB,, is the axial magnetic field measurement during apresent.
plasma shot ands is the FRC separatrix radius. The rela- The multichord He—N&632.8 nm laser single-pass in-
tionship between the flux and magnetic probe measurementgrferometer was designed by AFRL. It was originally set up
during a plasma shot can be written as with two chords, but has recently been upgraded to eight.
_ 2_ 2 Abel inversion and tomographic analysis of the data will
dp=Bpm(rec—ry), () : , )
provide a density plot of a cross-section of the plasma as a
wherer . is the inner radius of the theta coil, arf}, is the  function of time. Originally, the interferometer was set up at
flux probe measurement during a plasma shot. During @he midplane of the theta cofFig. 6, z=0) with the two
vacuum shot, instead, as there is no excluded flux, chords at a distance of=0 cm andr =2 cm from thez axis,
b,=B, 7T g (4) respectively. Presently, the eight chords are set to span most
of the discharge tube radiug=£0, r=0, 0.7, 1.9, 2.4, 3.0,
3.4, 3.6, and 4.2 cin Combining the line-integrated density

loop1 loop2 loop3 loop 4 measured along a diametar=0 chord) with the excluded
JL iL l i flux radius measurement,, one can define an average den-
sity (n)=/ndr/2rs. The volume-average@ can be ob-
A B C D tained fromxs=r/r using
el (By=1—x2/2. (6)

~ oy

This equation is a simple but extremely useful relation be-
tween the separatrix radius agé), obtained by considering
axial equilibrium and radial pressure balance, where axial
equilibrium refers to axial force balance between field-line

| tension and plasma pressyreglecting the pressure outside

' the separatrix and assuming the theta coil is sufficiently long
such that there is a region of straight field lines in the
FIG. 6. Cross section of a theta coil showing location of flux loop Bnd ~ VACUUM region at either endAssuming radial pressure bal-
probes. ance at the midplane, one may then estimate the total plasma

O————===—]--—|-=-4

|
|
-1é cm 18lcm
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temperature USi”Qﬁ>:n(Te"'Ti)/(nglzﬂo) (with Tg; in The PI bank is fired at the first minimum of the bias
units of eV), whereB.,, is the magnetic field external to the field. The large azimuthal electric field induced ionizes the
FRC (|n units of Tesla, measured by the magnetic prO)_beS D2 gas. lonization occurs |n|t|aIIy at locations where the

Another important diagnostic is the mu|tipoint Thomson magnetic field is zero, or where the PI field cancels out the
Scattering system, used to meas‘iﬂgea_ndne_ A20J pu|sed existing bias field(the mean free path of the electrons is
ruby laser is fired through the plasma from one end at afhaximized at these locationsAs E is proportional tor, the
angle such that it cuts through the high density regions of th@lasma sheath forms initially near the quartz tube wall. As
FRC. The Coiiecting OptiCS, arrayed aiong tbmxis] are the PI field OSCi”ateS, this sheath is CompreSSEd towards the
brought up close to the discharge tube by drilling holes in theédxis and expanded towards the tube wall, ionizing the re-
theta coil. There are a total of six collectors, each viewingmaining gas via the snow-plow effett’” The bias field dif-
the plasma at three spatial points, thereby providing data dtses into the plasma, eventually becoming trapped in it.
different axial and radial locations. The system is presently ~ The more times the Pl field rings, the more time the bias
in its testing phase and first data is expected Short|y_ field has to diffuse into the plasma, although this means the

plasma is expanded against the quartz tube wall more times,

picking up more impurities. For this reason, the number of PI
. INITIAL RESULTS rings required before the firing of the main bank, even the
exact phase of the ring where one does it, is a value deter-
mined empirically for each FRC device.

We utilize theg-PI technique to preionize the gas, which We studied the dependence of the ionization fraction on
consists of ringing the theta pinch coil at a high frequencyfill pressure, relative voltage of PI to bias, and variation in Pl
thereby inducing a large azimuth& field which breaks frequency(by changing the number of capacitprs
down the gas.

The 6-PI technique has both advantages and disadvan:
tages over other methods. This method is very clean, as n
electrodes are required inside the discharge tube. It also pro- The following are initial results on FRC formation ob-
vides a high level of ionization, about 100%. The main dis-tained with the FRX-L device. Operation with and without
advantage of this method is that it traps ori¢#5%° of the  cusp/mirror coils and problems with the crowbar-induced
initial bias field, at best. It also puts additional restrictions onfield modulation are also discussed.
the capacitor banks, as the Pl bank must produce enough Reproducible formation of FRC plasmas was difficult
field to cancel out the bias bartkero crossingas explained until we began operating with cusp/mirror coils at either end

A. Preionization

. FRC formation

below6-4 of the theta coil. Without the cusp coils, the field null points
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FIG. 7. Correlation between axial magnetic field, excluded flux, and integrated line déefigolumn), and calculated quantities volume-averaged kgta
normalized separatrix radiug, andT¢+T; (right column), FRX-L shot 1525. Crowbar mismatch is evident in Biplot after peak field. The vertical dashed
lines in this plot refer to times at which excluded flux is calculated in Fig. 8. Integrated line density is shown at two radii. Plasma density persistisebe
first crowbar modulation cycle but undergoes characteristi@ instability after 15us. Cross-hatched portions indicate where FRC symmetry assumption
used in deriving those quantities becomes invalid. Fractional error on Bt is ~2%, and is propagated i.,. andxs. Error bars are shown only for
selected points for clarity.
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occur well outside of the theta coil, where field reconnection
is more difficult due to decreased ionization levels. Recon-
nection without cusp coils was therefore most probably due
to tearing of the field lines under the theta coil, making it
very irreproducible. With the cusp coils, the field nulls occur
much closer to the theta coil, and the x-points form where
these nulls occur. In addition, as detailed in Sec. IIC, the
cusp coils form a mirror field with respect to the crowbarred
main field, helping maintain the FRC inside the theta coil
after formation. Without this mirror field, and with the com-
pression due to the modulation on the crowbarred fieldre
below), the FRCs were “squeezed out” and translated as
soon as they were formed.

We present the results from a representative §h625;
25.3 mTorr B static fill) which exhibits good lifetime and an
n=2 rotational instability, a characteristic particular to
FRCs? Though the actual cause of the rotation of this insta-
bility is still a matter of debate, the mode is well character-
ized. The cross section of the FRC is elongated along one
direction, taking an oval rather than circular shape. The FRC
then rotates, its cross section eventually elongating enough tc
skim the walls of the container, quickly losing containment.

Figure 7 shows a plot of the axial magnetic field mea-
sured with the probe from theta coil segmenfréfer to Fig.

6) along with plots of the excluded flux, line-integrated den-
sity (left column, and various calculated quantitiégght { ~ z(em)
column. The density was measured 0, r=0, 2 cm,  °°ledge coll center coil edge
using the two-chord version of the visible HeNe interferom-giG. . Excluded flux contours as a function of time and axial position,
eter. The volume-averaged betg), normalized separatrix FRX-L shot 1525top), and excluded flux vs axial position at various times
radiusx., andT.+ T, are calculated as detailed in Sec. Il E. (bottom). !_ineouts at 9_.5 an(_i _1,&5 correspond to th_e first peak'in the _main
TheB p|50t ShOVVeS thle initial negative bias magnetic field anglreversal field and the first minimum of the modulation, respectiieatg Fig.

) - - 7). Data points(markers are splined along.
the PI field superimposed at-1 us. The main(reversed
field is fired just before the Pl completes 1.5 cycles. The field
reaches a maximum at 9%, after which point it oscillates sult in an misstatement of the confidence in these estimates.
dramatically due to the effect of the crowbar inductance inTo obtain thepe, plot, a single point measurement is used to
the circuit. Ideally one desires a monotonically decayingobtain the magnetic field and symmetry is assurfwelich
field after reaching this peak. The vertical dashed lines refedoes in fact turn invalid once the plasma becomes asymmet-
to times at which excluded flux is calculated in Fig. 8. Theric, after onset of then=2 instability). The derived quanti-
excluded flux was obtained at the same axial location as thies on the right column of the figure are obtained as detailed
bottom plot. The bottom left plot shows the initial line- in the diagnostic section and using values from the left col-
integrated electron density a& 0 as the gas is ionized, fol- umn. Because the excluded flux becomes invalid after asym-
lowed by a sudden increase during field reversal. The densitsnetry sets in, so are these derived valg®, x5, and T,
becomes quiescent from12 s until about 15us, when it~ +T;), which depend on theé.,. measurement. Therefore the
begins to oscillate, as is characteristic of FRCs undergoingalues in the right column should be ignored after instability
an n=2 instability. The off-axis chord does not traverse sets in(cross-hatched portion
through any plasma when the major radius of this ellipse is The excluded flux(or separatrix radius is obtained as
along the direction of the interferometer beam, while thedetailed in Sec. Il E. By using probes at the four locations
density in the off-axis chord is maximized when the FRC hadndicated above, we obtain the excluded flux radius for the
rotated by a further 90°. As shown on the plots on the rightsame shot shown in Fig. 7. The separatrix radiusscillates
column, the FRC is formed at10 us with anx,=0.29  with the same frequency as the crowbarred field, increasing
+0.04, To+T;=~440eV, and (n)~3.9x10%cm 3. It in size when the field gets weaker and vice versa. One can
reaches an equilibrium state atl2 ws, with x,=0.43  use this radius to obtain the excluded flux by multiplying the
+0.02, T+ T;~250 eV, and/n.)~1.3x 10*® cm™3, excluded areastrZ) times the external field measured by the

The fractional error on the magnetic field plot42%, magnetic probes. The excluded flux radius can be calculated
while the error on the line-integrated density plot is less tharat the four locations indicated above, as a function of time.
the linewidth on the scale shown. The magnetic field error isThese values are then splined alangnd smoothed in time,
propagated to the calculated valugs,. and X, as shown. and combined to obtain a contour plot of the excluded flux vs
The error is not propagated {@) and T+ T;, as these are time, as shown in Fig. 8. This figure shows, via the excluded
volume average estimates, and error propagation would rdtux, the FRC separatrix forming and monotonically dimin-

time (us)

excluded flux (mWebers)

Downloaded 26 Sep 2003 to 128.165.156.80. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



4322 Rev. Sci. Instrum., Vol. 74, No. 10, October 2003 Taccetti et al.
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